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Outline

High energy heavy-ion collisions
— Deformation and neutron skin

— Effects for isobar collisions

— Nucleon-nucleon correlations

— Color fluctuations

Low beam energy collisions

— SMASH with potentials

— Collective anisotropic flow

— Density changes and deformations
Future plans

— Short-range correlations in neutron-rich
nuclel
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SMASH” " #emach

Hadronic transport approach: ) Well et &l PRG 94 (2016
— Includes all mesons and baryons up to ~2 GeV
— Geometric collision criterion

— Binary interactions: Inelastic collisions through
resonance/string excitation and decay

— Infrastructure: C++, Git, Doxygen, (ROOT)

" [GeV-fm ™|

https://smash-transport.github.io 1
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* Simulating Many Accelerated Strongly-Interacting Hadrons
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https://smash-transport.github.io

The SMASH Team

In Frankfurt: In US:

— Oscar Garcia-Montero — Dmytro Oliinychenko
— Gabriele Inghirami — Agnieszka Sorensen
— Alessandro Sciarra + Damjan Mitrovic

— Jan Staudenmaier *

...
B
fenus

— Anna Schéfer
— Justin Mohs i 1 1=
— Jan Hammelmann
— Niklas Gobtz

— Renan Hirayama
— Nils Saf3

— Antonio Bozic

— Orhan Ozel

Group excursion in September 2020
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High Energy Collisions

In collaboration with
Alba Soto Ontoso, Massimiliano Alvioli, Mark Strikman




Initial Conditions

Nuclear Collisions J. Weil et al, PRC 94 (2016)
— Woods-Saxon distribution in coordinate space

S e 1 coa | @Goldnucleus
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= - - Wi lals
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— optional: deformed nuclel and (frozen) Fermi motion

— optional: read-in of more realistic initial states with
correlations, neutron skin
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Isobar Collisions

Investlgate potential maximal

effect of deformation for Ru &
_ P0 ©
p(r6) = o m@e 1 EEE
R/(0) = Ro(1+ B2Y2(0)). :
Nucleus || Ro [fm][d [fm][ 52 ﬁé
10 Zr 502 | 046 | 0 <
iiRu || 5.085 | 0.46 |0.158 2 D TS I
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J. Hammelmann et al, Phys.Rev.C 101 (2020) r [fm]
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Participant Eccentricity

Including nuclear structure effects and nucleon-nucleon

correlations with initial state from full wave function
M. Alvioli, M. Strikman, PRC 100 (2019)

Hadronic transport approach SMASH is applled until full overlap

f N | | 0.08 :
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Participant eccentricity shows Centrality (%)

differences due to deformation at small impact parameters
J. Hammelmann et al, Phys.Rev.C 101 (2020) and STAR collaboration, Phys.Rev.C 105 (2022)
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Magnetic Fielo

Due to the neutron skin, the charge is more concentrated
in the middle -> differences in the magnetic field

r— —
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A
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J. Hammelmann et al, Phys.Rev.C 101 (2020)

The difference is really in the average field and not in the
fluctuations

One reason for missing difference between Ru/Zr results
fOI’ CME Correlators STAR collaboration, Phys.Rev.C 105 (2022)
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NN correlations

Implementing nucleon nucleon correlations in the Au (and

CU) Iﬂltla| State 1N SMASH BSc thesis, Damjan Mitrovic, 2018
1.20
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The 2-particle distribution and the average distance shows
the expected behaviour

Other observables (eccentricities not sensitive)
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Color Fluctuations

M. Alvioli et al, PRD 98 (2018)

O+0 at sgrts NN = 200 GeV

81 Ratio with/wo fluctuations

. Neol

3b [fm] 5 6 7 8 0 1 2 3 5 [fm]
BSc thesis, Antonio Bozic, 2021
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Fluctuating first
cross-section of
NN interactions in

SMASH
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Pion Production in Au+Au

Potentials decrease pion
oroduction, while Fermi

Ekin =1A GeV, n*

yo €[1.05,1.35), x10’
yo €[0.75,1.05], x10°
yo €[0.45,0.75), x10°
yo €[0.15,0.45), x10"

motion increases yield * T
Nice agreement with SIS & _

experimental data
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Note: consecutive addition of features
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Time Evolution

Density and temperature in a central cell for heavy ion
collisions at SIS-18 energies

Central Cell
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J. Staudenmaier, N. Kubler and HE, arXiv:2008.05813

2-4 times nuclear ground state density reached
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Collective Behaviour

Potentials in SMASH

— Basic Skyrme and symmetry potential

Uskyrme = a(p/po) + B(p/po)”

USymmetry — ——QSPot

Pl

Lo

— Describes interactions between nucleons, repulsive at high

densities
soft EoS default EoS hard EoS
o | —356.0 MeV | —209.2 MeV | —124.0 MeV
£ | 303.0 MeV 156.4 MeV 71.0 MeV
T 1.17 1.35 2.00
K 200 MeV 240 MeV 380 MeV

— Default values according to transport code comparison
J. Xu et al., PRC 93 (2016)
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Directed Flow in SMASH

J. Mohs, M. Ege, H. Elfner and M. Mayer, arXiv: 2012.11454
0.0 A
SMASH 2.0 °
— 0.6 GeV = pr < 0.65GeV
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0.2
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/”’
< 0.0
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Elliptic Flow in SMASH

0.00 SMASH 2.0
0.025 AR o . —— -0.05=y=0.05
YN —— —025=y=< -0.15
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Deuterons look better than
orotons (with default EoS)
Again light clusters play a role
] = T o and dependence on EoS is
TR deuterons clearly visible

T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

J. Mohs, M. Ege, H. Elfner and M. Mayer, arXiv: 2012.11454
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Excitation Function

Directed and elliptic flow are compared to available
data from FOP| and HADES

00)
S
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) i\ \
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- \
®© . ~0.02} o /
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D ; ? o Py N ;/ g Au+Au: protons
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" 10 00 e 10 107 Y
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H.Petersen (now Elfner) et al, NPA 982, 2019

SMASH agrees well with previous UrQMD calculation
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Deformations and Density Effects

Deformations at low energy have some effect:

— Artiticially deformed Au nucleus to see qualitative
difference

V>

0.I75 1.;2)0 1.I25 1.:50 1.75 2.00 0.0 0.2 0.4 0.6 0.8
prlGeV] pr[GeV]

Neutron skin has no eftect on dilepton production in AuAu
collisions at 1.23 AGeV

Slight error in radius calculation within SMASH resulted in
significant differences in the density calculation

— Nuclear structure is iImportant in low energy reactions
RBRC Workshop
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Future Plans

Short-range correlations result in fluctuations to high
momentum

Develop a link between SRC observables and dense
nuclear matter

dentification of SRC in neutron-rich unstable nucleus at
GSI| with radioactive-ion beams

. _Reactions with Relativistic Radioactive Beams

5 g
= 8 B NeuLAND
o r neutrons
= L B
) B
© € 1.4f
Z = -
ol qc) 1.2 protons *“<{J N
s .
-h_j CE) 1: GLAD é‘ ‘ A\ ~
© = - o : Tracki n\g ~
= e 0.8 SIS < Detectors
- 2 'IQ'rZﬁéfer rx Piotons "
: B i light fragments h f
= L 0.6 Fragmentation, g g eavy ragment\

First experiments 16C+p vs 12C+p in 2022 (ELEMENTS)
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Summary

High energy heavy ion collisions

— SMASH employed for initial state evolution until full overlap
— Deformation affects eccentricities in central collisions

— Neutron skin affects magnetic field in peripheral collisions

— NN correlations and color fluctuations play only minor role

Low energy heavy-ion collisions

— Collective flow is sensitive to nuclear mean field

— Clustering in light nuclei is crucial

— Deformation affects flow as well as changes in the density

Source code is public and possibility to read in external initial
state configurations is available

Future: Short-range correlations with multi-GeV rare isotope
collisions at FAIR
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SMASH Hybrio

Full event-by-event SMASH+VHLLE+SMASH hybrid

HA. Schafer et al, arXiv:2112.08724

120

™~ 4
Au + Au —— SMASH + VHLLE ! 107 5
E —— SMASH + VHLLE
Vs = 7.7 GeV — = Pure SMASH 5 ] Au + Au e ?ureSSM;SVH
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3 -BO, H
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80 - P Il 102 4
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0.25 o ] > 1
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i | 0
0.2} 40 D 107
- Z .
- o
_ T 10714
0.15_— [ E
% [ E 10_2 T T T T T T T -
- 4 — 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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0.05- 200 T 10%
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0 2 0-5% centrality = 1034 0-5% centrality A NA49 dat
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Y. Karpenko et al, Phys.Rev.C 91 (2015) 3 2
= E 10!
© 75 A 'E 3
Z 4
50 5 1073
/ =
54 g — X € oa] \
///, _————A‘__‘ A << 107t T T T T T T T
0 1aZ === , , = RSy — 0.00 025 0.50 0.75 1.00 1.25 1.50 1.75 2.00
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See talk by A. Schafer, Thursday, 9.30 AM (EST)
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How to Use SMASH?

Visit the webpage to find publications and link to SMASH-2.1 results
nttps://smash-transport.github.io
SMASH-2.1 has

Download the code at
nttps://github.com/smash-transport/smash

HepMC and RIVET

Checkout the Analysis Suite at
nttps://github.com/smash-transport/smash-analysis

~ind user guide and documentation at
nttps://github.com/smash-transport/smash/releases

Animations and Visualization Tutorial under
https: //Smash transoort github.io/movies.html|

Simulating Many Accelerated Strongly-interacting Hadro Edit ¢ Code  (lssues 0 Pull requests 0 Insights £t Sett ings

Manage topics

{D 6,590 commits ¥ 1branch © 2 releases 42 13 contributors sfs GPL-3.0

SMASH-1.5.1 -
18 ©
o 068109 [Dzip [Dtargz

WJ eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee -transport, /schaefer, /fix_bug_nuclear... i

[Latest release \
8 3rdparty Adjustments for runn ing with JetScape 4 months ago o FIrSt pUb“C VerS|on Of SMASH

SMASH-1.5
i bin Updated benchmark decaymodes 3 months ago O 8986653 E-)} elfnerhannah released this on 27 Nov 2018 - 6 commits to master since this release
e

B cmake Use lightweight tags for version 4 months ago Useful ext
B doc Updated links in README.md and CONTRIBUTING.md to link to the correct... 3 months ago e Here is an overview of Physics results for elementary cross-sections, basic bulk observables and
8 examples/using_SMASH_as_library ~ Update pythia version in README.md and removed trailing whitespace. 4 months ago infinite matter calculations
8 input Fix parity for light nuclei decays 3 months ago e User Guide
il src Merge pull request #132 from smash-transport/schaefer/fix_bug_nuclear... 2 months ago HTML Documen tation
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General Setup

Transport models provide an effective solution of the
relativistic Boltzmann eqguation

PO, fi(x, p) + miFYO8 fi(x, p) = Cioy

Particles represented by Gaussian wave packets for
density calculations

Geometric collision criterion

d? — (r — 17 2 ((7% — T_l;) . (p}} —p%))2
dtrans < dmt _ 0-;-01', trans (T 'r'b) (p_C,L _p_l,))Q
; As in UrQMD
Test particle method oc— o N_.
N — N - Ntest
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Degrees of Freedom

Unflavored
No3s A1232 N1116 21189 =1321 Q1672 | M138 foeso f2 1275 T2 1670 Kaga
N1440 A1620 N140s 21385 =1530 Q2250 | 1300 fo 1370 f2'1525 K*s92
N1s20 A1700 N1520 21660 =1690 TT1800 fo 1500 f2 1950 P3 1690 K1 1270
Nis35 A1900 N1600 21670 =1820 fo 1710 f2 2010 K1 1400
N165s0 A1905 N1670 21750 =1950 Ns48 f2 2300 3 1850 K*1410
N1675 A1910 N1690 21775 =2030 N'9s8 Q0980 f2 2340 Ko*1430
N
\ 1680 A1920 N1800 21915 N1295 a0 1450 a4 2040 K2*1430
Y L A1930 A1s10 21940 N1405 f1 1285 K*1680
1710
A1950 N1820 22030 N1475 d1019 f1 1420 f4 2050 K2 1770
N1720 A 5 Ka*
1830 2250 d1680 371780
N1g7s5
N1890 03800 Q21320 K2 1820
N1900 .
N2100 h11170 Ka™2045
N1990
N N2110 P776 TU1 1400
2060 » + corresponding
N N2350 P1450 b1 1235 T(1 1600 ITTES]
2080 antiparticles
1700 )
N2100 P » Perturbative
Yz d11260 N2 1645 treatment of
w1420 W3 1670 .
N2220 © > |sospin symmetry
N2250 As of SMASH-1.7| * 1020 I

Mesons and baryons according to particle data group

|Isospin multiplets and anti-particles are included
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E\ementary Cross Sections
Total cross section for pp/pm

s~

o8 o~ _L ]
1 L TN YSDVERIS G S S SN T el
3 //'
kY F4
" r

o 1Ty .h}u ¥ N A

3 4 7 8

\/E[GeV]
pr-

Hannah Elfner

collisions

Parameterized elastic cross

section

Many resonance
contributions to Inelastic

Cross secti
Reasonab

on
e description of

experimer

tal data

Soft strings a la UrQMD and
hard strings via Pythia 8

J. Well et al,
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PRC 94 (2016), updated SMASH-1.5

27



